Dammar resin is a natural food additive and flavoring substance present in many foods and drinks. The present study evaluates the chronic toxicity and carcinogenicity of dietary dammar resin in F344 rats. Dietary concentrations in the 52-week chronic toxicity study were 0, 0.03, 0.125, 0.5, or 2%. The major treatment-related deleterious effects were body weight suppression, increased relative liver weight, and low hemoglobin levels in males and females. Foci of cellular alteration in the liver were observed in the male 2% group, but not in any other group. The no-observed-adverse-effect level for chronic toxicity was 0.125% for males (200.4 mg/kg b.w./day) and females (241.9 mg/kg b.w./day). Dietary concentrations in the 104-week carcinogenicity study were 0, 0.03, 0.5, or 2%. Dammar resin induced hemorrhagic diathesis in males and females, possibly via the inhibition of extrinsic and intrinsic coagulation pathways. Incidences of hepatocellular adenomas and carcinomas were significantly increased in the male 2% group, but not in any other group. In the 4-week subacute toxicity study, the livers of male rat-fed diet-containing 2% dammar resin had increased levels of protein oxidation and increased the expression of two anti-apoptotic and seven cytochrome P450 (CYP) genes. There was also an increased tendency of oxidative DNA damage. These findings demonstrate that dammar resin is hepatocarcinogenic in male F344 rats and underlines the roles of inhibition of apoptosis, induction of CYP enzymes, and oxidative stress in dammar resin-induced hepatocarcinogenesis.
Introduction
Dammar resin is the dried exudate from trees of the Agathis, Hopea, or Shorea genera. It consists of a complex of acidic and neutral terpenoid compounds together with polysaccharides, and is used as a natural food additive (stabilizer, glazing agent, and clouding agent) and flavoring substance in many foods and drinks, including beverages, frozen desserts, and chewing gum (Cohen et al. 2017; JECFA 1986; USP 2012) .
There are several in vitro studies showing beneficial effects of dammar resin including antiviral activities (Poehland et al. 1987 ) and inhibition of low-density lipoprotein oxidation (Andrikopoulos et al. 2003) . Terpenoids isolated from dammar resin showed cytotoxic activity against human leukemia and melanoma cells (Ukiya et al. 2010 ). In contrast, we recently reported the results of a 14-week study using gpt delta mice in which dammar resin induced oxidative DNA damage in the livers of these mice and increased liver cell proliferation activity and liver weight, although dammar resin-associated mutagenicity was not observed (Xie et al. 2012) . Considering dammar resin induced DNA damage in liver cells and the likelihood of long-term ingestion of this food additive, it is necessary to identify the potential hazardous properties of repeated exposure to dammar resin over a prolonged period of time. Currently, no 1 3 studies on the effects of long-term dietary intake of dammar resin have been reported, and therefore, there are no data on its chronic toxicity for the establishment of acceptable daily intake levels.
The purpose of the present study was to determine the chronic toxicity and carcinogenicity of dietary dammar resin in a 52-week chronic toxicity and a 104-week carcinogenicity study in F344 rats. These bioassays demonstrated that dammar resin is carcinogenic to the liver in male rats and induced anemia and coagulation disorders in male and female rats. We also examined the effects of the carcinogenic concentration of dammar resin on cell proliferation, apoptosis, induction of oxidative stress, and cytochrome P450 (CYP) enzymes in the livers of male rats in a 4-week subacute toxicity study.
Materials and methods

Test chemical and diets
Dammar resin powder (CAS No. 9000-16-2) (geographical origin: Sumatra, Malaysia) was provided by San-Ei Gen F.F.I., Inc., Osaka, Japan. Basal diet (MF powder diet, Oriental Yeast Co., Ltd., Tokyo, Japan) and diets supplemented with different doses of dammar resin were prepared and pelleted by Oriental Yeast Co., Ltd., and used within 4 weeks of preparation. The stability and homogeneity of dammar resin in dietary mixtures were analyzed using an Agilent Technologies 6890N Gas Chromatograph System at SanEi Gen F.F.I., Inc., Japan, and the results showed that all dose formulations were stable and homogenous for at least 6 weeks at room temperature.
Animals and husbandry
All animal studies were approved by the Institutional Animal Care and Use Committee of Osaka City University Graduate School of Medicine and conducted in accordance with the Guidelines for Proper Conduct of Animal Experiments (Science Council of Japan, 2006) . The Laboratory Animal Center of Osaka City University Graduate School of medicine is accredited by the Center for the Accreditation of Laboratory Animal Care and Use (CALAC), Japan Health Sciences Foundation (JHSF). Five-week-old male and female F344/DuCrlCrlj rats were obtained from Charles River Japan, Inc. (Atsugi, Kanagawa, Japan). Rats were housed in polycarbonate cages with wood chips for bedding in experimental animal rooms at a temperature of 22 ± 3 °C, a relative humidity of 55 ± 5%, and a 12-h light/dark cycle. Rats were used after a 7-day acclimatization period and were 6 weeks old at the beginning of the study. Fresh diet and tap water were supplied to rats once weekly and were available ad libitum throughout the study. Body weight and food and water consumption were measured weekly in the 4-week subacute toxicity study and measured weekly until week 13 and every 4 weeks thereafter in the chronic toxicity and carcinogenicity studies.
Subacute toxicity study
To determine the maximum dose for the chronic toxicity and carcinogenicity studies, groups of 10 male and 10 female F344 rats were fed diets supplemented with 0, 2, or 5% dammar resin for 4 weeks. The dose of 5% was selected in accordance with the following Guideline for Assessment of the Effect of Food on Human Health Regarding Food Additives, Ministry of Health Labour and Welfare, Japan: The ratio of the substance to the feed does not have to exceed 5% when the substance is administered by feeding because of the possibility that higher levels will cause nutritional imbalance (FSCJ 2010) .
At the end of 4 weeks, rats were fasted overnight, euthanized by inhalation of an overdose of isoflurane (Abbott Japan Co., Ltd., Tokyo, Japan) using a Small Animal Anesthetizer (MK-A110D, Muromachi Kikai Co., LTD., Tokyo, Japan) coupled with an Anesthetic Gas Scavenging System (MK-T 100E, Muromachi Kikai Co., LTD., Tokyo, Japan). At necropsy, livers were excised and weighed. A total of three sections of liver tissue (one section each from the left lateral lobe, right middle lobe, and caudate lobe) were fixed in 10% neutral phosphate-buffered formalin, embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin for histopathological analysis. The remaining liver tissues were snap frozen with liquid nitrogen and stored at − 80 °C for the detection of protein oxidation and oxidative DNA damage and for mRNA expression analysis.
Chronic toxicity and carcinogenicity studies
In the chronic toxicity study, groups of 10 male and 10 female rats were fed diets supplemented with 0, 0.03, 0.125, 0.5, or 2% dammar resin for 52 weeks. In the carcinogenicity study, groups of 50 male and 50 female rats were fed diets supplemented with 0, 0.03, 0.5, or 2% dammar resin for 104 weeks. The highest dose of 2% was determined based on the results of the above 4-week subacute toxicity study: the 5% dose caused a significant body weight depression in both male and female rats, and in male rats, the body weight was decreased by more than 15% relative to controls (described in the Results).
Rats were euthanized after 52 weeks of treatment in the chronic toxicity study and after 104 weeks of treatment in the carcinogenicity study, and complete macroscopic and histopathological examinations were performed. Rats that had died or were euthanized when becoming moribund during the study were also completely necropsied and macroscopic and histopathological examinations were performed. For rats necropsied at the end of the study, liver, kidneys, spleen, thymus, heart, brain, and testes (males) were excised and weighed. The salivary glands, thymus, trachea, lungs, heart, parathyroid and thyroid, tongue, esophagus, fore-stomach, glandular stomach, small intestine (duodenum, jejunum, ileum), large intestine (cecum, colon, rectum), liver, pancreas, spleen, kidneys, adrenal glands, urinary bladder, seminal vesicles, prostate, testes, epididymis, ovaries and fallopian tubes, uterus, vagina, brain, pituitary gland, sternum, chest bone, femur (including joints), nasal cavity, sciatic nerve, femoral muscle, spinal cord, intrathoracic aorta, eyeballs and Harderian gland, skin, Zymbal's gland, mammary tissue, and lymph nodes (cervical and mesenteric), and all macroscopically abnormal sites were fixed and preserved in 10% neutral-buffered formalin except for testes which were fixed in Bouin's solution. Bones were decalcified in 5% NaSO4 Plank-Rychlo solution overnight. After fixation, organs and tissues were processed and trimmed, embedded in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin for histopathological analysis. In the chronic toxicity study, foci of cellular alteration were examined in three tissue sections from each of the left lateral lobe, right middle lobe, and caudate lobe of the livers. In the carcinogenicity study, neoplastic lesions were examined from tissue sections from macroscopic lesions, and three tissue sections from each of the normal-like left lateral lobe, right middle lobe, and caudate lobe of the livers. 
Hematology, clinical chemistry, and urinalyses
At necropsy of the chronic toxicity and carcinogenicity studies, whole blood samples were collected via the abdominal aorta under anesthesia after overnight fasting. Hematology and serum biochemical parameters were measured in all rats (10 rats/sex/group) in the chronic toxicity study at LSI Medience Corporation, Tokyo, Japan. The hematological parameters examined were white blood cell (WBC) count, red blood cell (RBC) count, hemoglobin concentration (Hb), hematocrit (Ht), mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), and platelet (Plt) count. The serum biochemical parameters examined were aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma-glutamyl transpeptidase (gamma-GTP), total protein (TP), albumin (ALB), albumin/globulin ratio (A/G ratio), triglycerides (TG), total cholesterol (T-cho), creatinine, blood urea nitrogen (BUN), sodium (N), potassium (K), chloride (Cl), calcium (Ca), and phosphorus (P).
Since hemorrhagic diathesis was observed in several rats that died or were found in a moribund state during the carcinogenicity study, both hematology parameters and the coagulation factors prothrombin time (PT) and activated partial prothrombin time (APTT) were measured in at least 7 rats without gross abnormalities in each group, except for the male 2% group of the carcinogenicity study due to technical issues during necropsy.
Urinalysis was conducted for all animals in the chronic toxicity study at week 52. Urine was collected by forced urination between 0800 and 1000 am, and measured immediately for pH, protein, glucose, ketone, specific gravity, occult blood, WBC (leukocyte esterase test), bilirubin, urobilinogen, and nitrite using test paper N-Siemens N-Multistix ® SG-L Urinalysis Test Strips with a Clinitek Status ® Urine Analyzer (Bayer Health Care LLC, NY, USA).
Detection of protein oxidation and oxidative DNA damage in the livers of the rats in the 4-week subacute toxicity study Protein carbonyl content, a marker of protein oxidation, was examined in six rats per group in the male control and 2% dammar resin groups using a Protein Carbonyl Colorimetric Assay (Cayman Chemical Company, MI, USA) according to the manufacturer's protocol.
8-OHdG in liver DNA, a marker of oxidative DNA damage (Dizdaroglu et al. 2002) , was determined in 10 rats in the male control and 2% dammar resin groups by highperformance liquid chromatography with electrochemical detection as described previously (Fukushima et al. 2002). mRNA expression analysis in livers in the 4-week subacute toxicity study Total RNA was isolated from frozen liver tissue of six male rats per group from the control and 2% groups using TRIzol ® Reagent (Life Technologies, Gaithersburg, MD, USA) according to the manufacturer's instructions. cDNA synthesis was performed with 1-µg of RNA using an Advantage RT-for-PCR kit (Takara Bio, Inc., Otsu, Japan). The mRNA expression levels of genes involved in cell proliferation (proliferating cell nuclear antigen [PCNA]), cell cycle regulation (p53 and p21
Cip/WAF1 ), apoptosis (BCL2, myeloid cell leukemia 1 [Mcl-1]), nucleolar protein 3 (NOL3, also known as Apoptosis Repressor with CARD Domain), survivin, p53 upregulated modulator of apoptosis (PUMA), and BAX (BCL2-associated X protein), and 14 cytochrome P450 enzymes in families CYP1-4 were determined by TaqMan real-time quantitative PCR. PCR reagents and sequencespecific primers and probes for each gene (Taqman Gene Expression Assay) were purchased from Applied Biosystems, Inc., CA, USA. mRNA expression assays were performed using a 7500 Fast Real-Time PCR System (Applied Biosystems, Inc., CA, USA). ß-actin was employed as an internal control. Serially diluted standard cDNAs were included in each Taqman PCR reaction to create standard curves. The amounts of gene products in the test samples were estimated relative to the respective standard curves. Values for target genes were normalized to those for ß-actin.
Statistics
All mean values are reported as mean ± SD. Statistical analyses, except for Poly-k test, were performed using Prism 7 for Mac OS X (GraphPad Software, Inc., San Diego, CA, USA). Homogeneity of variance was tested by the F test or Bartlett test. Differences in mean values between the control and treated groups in the 52-week chronic toxicity and the 104-week carcinogenicity studies were evaluated by the Dunnett's Multiple Comparison Test when variance was homogeneous or the Dunn's test when variance was heterogeneous (multi-group comparisons). Differences in mean values of mRNA expression, 8-OHdG, and protein carbonyl content between the control and the 2% male groups were evaluated by two-tailed Student's t test when variance was homogeneous and two-tailed Welch's t test when variance was heterogeneous in the 4-week subacute study (two-group comparisons). The Kaplan-Meier method and log-rank test was used for the survival analysis. Incidences of neoplastic lesions were analyzed for a dose-response relationship by the Poly-k (k = 3) test (Poly-3 trend test) using the ageadjusted Poly-k testing software available at https ://www. jstat soft.org/artic le/view/v016i 07 (Moon et al. 2006) . Differences in the incidences of histopathological lesions and urinalysis parameters between control and treatment groups were evaluated by two-tailed Fisher's exact test. p values less than 0.05 were considered significant.
Results
Subacute toxicity study: determination of the maximum dose for the chronic toxicity and carcinogenicity studies Survival, final body weights, liver weights, and water intake and food consumption are summarized in Table 1 . Final body weights were significantly decreased in males in the 2 and 5% groups and females in the 5% group compared to their respective controls. Absolute liver weights were significantly increased in males in the 5% group and in females in the 2 and 5% groups. Relative liver weights were significantly increased in males and females in the 2 and 5% groups. Centrilobular hypertrophy was observed in males in the 2 and 5% groups but not in either the 2 or 5% female groups. Based on the results that the final body weights of both sexes were significantly decreased in rats fed the 5% dammar resin supplemented diet, despite increased food consumption, and that the decrease in the males was more than 15% relative to the controls, the highest dose for the chronic toxicity and carcinogenicity studies was determined to be 2%.
Chronic toxicity study
General findings and organ weights
Survival, final body weights, liver weights, water intake and food consumption, and dammar resin intake are summarized in Table 1 . All animals survived to the end of the study. There were no treatment-related clinical findings in any of the groups. Decreased body weights were observed in males and females in the 2% groups, whereas increased body weights were observed in males in the 0.03% group and in females in the 0.03% and 0.125% groups (Fig. 1a , Supplementary Table 1 ). Final body weights were significantly decreased in males and tended to decrease in females in the 2% groups. In contrast, final body weights were significantly increased in males and females of the 0.03% group compared to their respective controls. Food consumption tended to increase in the male and female 0.03%, 0.125%, and 0.5% groups compared to their respective control groups, while it was comparable between the male and female 2% and control groups. Average intake of dammar resin in the 0.03%, 0.125%, 0.5%, and 2% groups corresponded to 11.9, 49.6, 200.4, and 856.7 mg/kg b.w./day in males, and 14.3, 59.2, 241.9, and 997.9 mg/kg b.w./day in females, respectively, and was approximately proportional to the doses administered in the diet. Average water intake tended to increase in all the male-treated groups and the female 2% group compared to their respective control groups.
Absolute liver weights were significantly increased in males and females in the 0.5% and 2% groups. Relative liver weights were significantly increased in males in the 2% group and in females in the 0.5 and 2% groups.
Weights of organs other than liver are summarized in Supplementary Table 2. Significant differences observed between the treated groups and the control group were as follows: decreased absolute spleen weights in both sexes in the 2% groups; increased absolute heart weight in males in the 0.03% group; increased relative heart, brain, and testes weights in males in the 2% group; decreased relative kidneys weights in females in the 0.03%, 0.125%, and 0.5% groups; decreased relative brain weights in females in the Table 1 Survival, final body weights, liver weights, water and food consumption, and dammar resin intake Significantly different from the respective control at *p < 0.05; **p < 0.01; ***p < 0.001, respectively a Liver weights of rats surviving to the end of the experiment Table 1 (continued) 12.1 ± 1** 13.4 ± 1.6*** 14.7 ± 3.1*** 6.2 ± 1 6.7 ± 1* 7.8 ± 1.5*** 0.03% group; decreased relative heart weights in females in the 0.125% group. However, the alterations in organ weight were only observed either in their absolute or in their relative weight and were not dose-dependent; therefore, they are concluded to be the result of changes in body weight, lower body weights in the 2% groups and higher body weights in the lower dose groups compared to the control groups, and to lack toxicological significance.
Hematological and serum biochemical findings
Hematological and serum biochemical findings are summarized in Table 2 . The findings that Hb levels were significantly decreased in males and females in the 0.5 and 2% groups indicate that dammar resin at doses of 0.5% and above induced anemia in both sexes. Slight but statistically significant alterations in anemia-related hematological parameters were as follows: decreased RBC number in males in the 2% group; increased MCV in males in the 2% group and females in the 0.5 and 2% groups; decreased MCH and MCHC in males and females in the 0.5 and 2% groups. Platelet numbers were significantly increased in males and females in the 0.5 and 2% groups. WBC numbers were significantly decreased in males in the 0.125%, 0.5%, and 2% groups. Serum biochemical parameters that showed significant differences between the treated groups and the control group in a dose-dependent manner and may have toxicological implication were as follows: increased gamma-GTP activities in females in the 0.5 and 2% groups; increased T-Cho concentrations in males in the 2% group and in females in the 0.5 and 2% groups; decreased A/G ratio in females in the 2% group. In addition, AST and ALT activities in males and females in the 0.5 and 2% groups and ALP activities and TG concentrations in males in the 0.5 and 2% groups were significantly decreased compared to their respective control groups; however, decreases in these parameters have not been shown to correlate with hepatotoxicity and usually are not considered to have toxicological implications (Hall et al. 2012) . Other alterations were of minimal magnitude and/or were not dose-dependent, and, therefore, concluded to lack toxicological significance.
Urinalysis
Urinalysis data are summarized in Table 2 . Incidences of proteinuria, over 300 mg/dl, and increased leukocyte Table 2 Hematology and serum biochemistry analyses, and urinalysis in the 52-week chronic toxicity study esterase to 3+, which indicates an increase in WBC number, were significantly increased in males in the 2% group. There were no significant differences in other parameters between treated groups and their concurrent control groups (data not shown).
Histopathological findings
There were no treatment-related macroscopic findings at necropsy. Treatment-related histopathological findings in livers and kidneys are summarized in Table 3 . There was no overt centrilobular hypertrophy or necrosis in the livers in any of the treated groups. Foci of cellular alteration in the liver were observed in two males in the 2% group but not in any other rats (Fig. 2a, b) . Bile duct hyperplasia of the liver is a common aging lesion. Concordant with the significantly decreased activity of ALP in the males in the 2% group, the incidence of moderate bile duct hyperplasia (3+) in the liver was significantly decreased in the male 2% group compared to the control group, and extensive bile duct hyperplasia (4+) was not observed in males in the 2% group, while this lesion was observed in the other male groups including the control group. Concordant with the increased incidence of proteinuria over 300 mg/dl in males in the 2% group, incidences of rats with moderate proteinaceous cast (3+) in their kidneys were significantly increased in the male 2% group. These findings indicate the possibility that dammar resin may injure the glomerular membrane, renal tubule, or both in male rats, though no histopathological abnormality was observed at the light microscopic level. There were no treatment-related histopathological findings in other organs and tissues. No tumors were observed in any group.
Carcinogenicity study
General findings and organ weights
Survival, final body weights, liver weights, water and food consumption, and dammar resin intake are summarized in Table 1 . The survival rates at the end of the carcinogenicity study were 43/50 (86%), 41/50 (82%), 40/50 (80%), and 22/50 (44%) in males in the control, 0.03%, 0.5%, and 2% groups, respectively, and 37/50 (74%), 43/50 (86%), 46/50 (92%), and 42/50 (84%) in females in the control, 0.03%, 0.5%, and 2% groups, respectively. The survival rate of the male 2% group was significantly decreased compared to the control group (Fig. 3a) . For female rats, there were no significant differences in survival rates between the control and treatment groups (Fig. 3b) . Decreased body weights were observed in the male and female 2% groups, whereas increased body weight was observed in males in the 0.03% group and in females in the 0.03 and 0.5% groups (Fig. 1b, Supplementary Table 2 ).
Significantly different from the respective control at *p < 0.05; **p < 0.01; ***p < 0.001, respectively Fig. 2 Liver lesions in male rats treated with 2% dammar resin in the chronic toxicity and carcinogenicity studies. a Basophilic focus in a male rat in the 2% group in the chronic toxicity study. b Mixed focus consisting of a combination of eosinophilic and clear cell hepatocytes in another male rat in the 2% group in the chronic toxicity study. c Hepatocellular carcinoma in a male rat in the 2% group in the carcinogenicity study. d Higher magnification of C Final body weights were significantly decreased in the male and female 2% groups, but were significantly increased in the female 0.03% group. The intake of dammar resin was approximately proportional to the doses administered in the diet, although average food consumption in the male 0.03%, 0.5%, and 2% groups and in the female 0.03% and 0.5% groups tended to increase compared to their respective control groups. Average intake of dammar resin in the 0.03%, 0.5%, and 2% groups corresponded to 10.5, 178.3, and 766.9 mg/kg b.w./day in male rats and 12.2, 205.4, and 868.1 mg/kg b.w./day in female rats, respectively. Average water intake tended to increase in the male 0.03%, 0.5%, and 2% groups compared to the control group, but were similar between the female control and treated groups.
Absolute and relative liver weights were significantly increased in males in the 0.03%, 0.5%, and 2% groups, and in females in the 0.5 and 2% groups in a dose-dependent manner. Absolute, but not relative liver weights, were significantly increased in females in the 0.03% group, possibly due to the significantly increased body weights. Other significant differences in organ weights between the control groups and treatment groups were noted in kidneys, spleen, heart, and brain (Supplementary Table 3 ). However, the alterations in organ weight, other than liver, were only observed either in their absolute or in their relative weight and were not dose-dependent; therefore, they are concluded to be the result of changes in body weight and to lack toxicological significance.
Increased susceptibility to hemorrhage
Hemorrhagic diathesis in the form of gross gastrointestinal and genitourinary hemorrhage was observed in males and females in the 0.5 and 2% groups from week 87, and was, especially, evident in male rats in the 2% group. The incidences of hemorrhagic diathesis in rats that died or were euthanized before the termination of the study were 2/10 (20%) and 13/28 (46.4%) in males in the 0.5 and 2% groups, respectively, and 1/4 (25%) and 4/8 (50%) in females in the 0.5 and 2% groups, respectively. Therefore, hemorrhagic diathesis was a major cause of death in the male and female 2% groups. The total incidences of hemorrhagic diathesis were 4/50 (8%) and 33/50 (66%) in the 0.5 and 2% male groups, respectively, and 1/50 (2%) and 8/50 (16%) in the 0.5 and 2% female groups, respectively. No hemorrhagic diathesis was observed in rats of the control or 0.03% groups. The total incidence of hemorrhagic diathesis was significantly increased in the male and female 2% groups compared to their respective control groups, and was significantly increased in the male 2% group compared to the female 2% group.
Hematology and coagulation test
The results of hematology and coagulation factor analyses are summarized in Table 4 . Hb levels, RBC number, hematocrit, MCH, and MCHC were significantly decreased in males in the 2% group compared to the controls. In females in the 2% group, Hb levels tended to decrease, and MCH and MCHC were significantly decreased compared to the controls. Platelet numbers were significantly increased in the male and female 2% groups. There were no significant changes in the above parameters in male or female rats fed diets supplemented with 0.5 or 0.03% dammar resin. PT and APTT were measured as activation markers of extrinsic and intrinsic coagulation pathways, respectively. Significantly prolonged PT and APTT were observed in males in Fig. 3 Survival curves in the carcinogenicity study the 0.5% group. PT and APTT were not examined in the male 2% group due to technical problems at necropsy. In the female 2% group, PT and APTT showed a tendency to be prolonged. These results suggest that dammar resin at doses of 2% induced anemia and inhibited extrinsic and intrinsic coagulation pathways in male rats in the carcinogenicity study. Similar, but milder, toxic effects were also observed in the female 2% group. These results suggest that dammar resin inhibited both the extrinsic and intrinsic coagulation pathways, and, consequently, induced anemia and hemorrhagic diathesis in rats in the high-dose groups.
Histopathologic findings
The incidences of hepatocellular adenomas and carcinomas in the male control, 0.03%, 0.5%, and 2% groups were 0/50, 1/50, 0/50, and 11/50 (adenomas), 0/50, 0/50, 0/50, and 5/50 (carcinomas), and 0/50, 1/50, 0/50, and 15/50 (adenomas and/or carcinomas), respectively (Table 5 ; a hepatocellular carcinoma is shown in Fig. 2c, d ). The incidences of hepatocellular adenomas, carcinomas, and total tumors (adenomas and/or carcinomas) were significantly increased in the male 2% group. The incidences of hepatocellular adenomas, carcinomas, and total tumors in the male 2% group also exceed the range of historical control incidences in male F344 rats from NTP studies (0-6 and 0-4%, respectively) (NTP 2011), indicating that the development of these tumors was increased by dammar resin administration. Furthermore, the multiplicity of hepatocellular adenomas, carcinomas, and total tumors was also significantly increased in the male 2% group.
Incidence and multiplicity of liver tumors in the females were not significantly different between the control group and the treatment groups (Table 5) . Hepatocellular carcinoma occurred in one female in the 2% group; none occurred in the 0.03%, 0.5% or the control group. The Poly-k test suggested that there was a positive dose-related trend in the incidence of hepatocellular carcinoma in female rats, but the increase was not statistically significant and the incidence in the 2% group falls within the range of historical control incidences for female F344 rats from NTP studies (0-2%) (NTP 2011). Consequently, the marginal increase in hepatocellular carcinoma in female rats was not considered related to dammar resin administration. Incidence and multiplicity of liver tumors in the females were not significantly different between the control group and the treatment groups (Table 5) .
Neoplastic lesions in organs and tissues other than the liver are summarized in Table 6 . Adenocarcinoma of jejunum occurred in one male in the 2% group; adenoma of lung occurred in one female in the 2% group; adenoma of colon occurred in one female in the 2% group; none of the above tumors occurred in the respective 0.03% and 0.5% or the control group. Incidences of these tumors showed a positive dose-related trend. However, these increases were not statistically significant from the respective control group, and the incidences in the 2% group fall within the range of historical control incidences for F344 rats from NTP studies (adenocarcinoma of jejunum in male rats: 0-2%; adenoma of lung in female rats: 0-8%; adenoma of colon in female rats: 0-2%, respectively) (NTP 2011). Therefore, the marginal increases in the above tumors were not Table 4 Hematology and coagulation factor analyses in the 104-week chronic toxicity/carcinogenicity study Significantly different from the respective control at *p<0.05, **p < 0.01, ***p < 0.001, respectively 14.6 ± 2.4 14.3 ± 0.5 14.4 ± 0.7 11.9 ± 0.9*** 14.4 ± 1.3 14.2 ± 0.5 14 ± 1.5 13.6 ± 1 Plt (10 4 /µl) 68.5 ± 8.1 61.5 ± 4 70.7 ± 4.9 76.2 ± 11.4* 52.2 ± 9 50.6 ± 8 58.3 ± 12.5 69.4 ± 5.4*** Ht (%) 48.5 ± 7.3 48.1 ± 1.1 49.1 ± 2.7 42.2 ± 5.8* 44.9 ± 3.2 44.9 ± 1.8 45.1 ± 4.1 45.4 ± 3.2 MCV (fl) 56 ± 3 57 ± 2 57 ± 3 57 ± 2 56 ± 3 57 ± 2 57 ± 4 58 ± 2 MCH (pg)
16.8 ± 0.7 16.8 ± 0.5 16.6 ± 0.6 15.9 ± 0.5*** 18.1 ± 1 18 ± 0.5 17.8 ± 1.4 17.3 ± 0.4* MCHC (%) 30.1 ± 1.5 29.6 ± 1 29.3 ± 0.7 28.2 ± 1*** 32 ± 1.1 31.6 ± 0.7 30.9 ± 0.8 29.9 ± 0.7*** Coagulation factors
No. of rats examined PT (s) 8.3 ± 0.1 8.3 ± 0.2 11.2 ± 2.4** N.E. 9.1 ± 0.5 8.4 ± 0.5 8.2 ± 0.2** 16.0 ± 9.6 APTT (s)
19.9 ± 0 19.9 ± 0 20.1 ± 0.2* N.E. 24.7 ± 3 23.2 ± 2.9 22 ± 2.4 29.4 ± 7.1 considered related to dammar resin administration. There was a significant decrease in the incidence of pancreatic islet cell adenomas, testicular interstitial cell tumors, and skin/ subcutaneous fibromas in the male 2% group, possibly due to the high mortality rate and corresponding early death of these animals. In addition, in the female 2% group, there was a statistically significant decrease in the incidence of pituitary adenoma and total pituitary tumors (adenoma and adenocarcinoma) compared to the control group. Histopathologically, hemorrhagic diathesis was characterized by the presence of red blood cells in tissues and/ or lumina of multiple organs including the gastrointestinal tract (stomach, duodenum, jejunum, ileum, cecum, colon, and rectum), urinary bladder, prostate, testis, epididymis, heart, lung, and subcutis. The organs with hemorrhage and degrees of hemorrhage varied from rat to rat even in the same treatment group. Histopathologically, the most marked hemorrhage was observed in the urinary bladders ( Supplementary Fig. 1A ) and prostate ( Supplementary  Fig. 1B) , characterized by the presence of hemorrhagic masses in the interstitial spaces, and, in some instances, was accompanied by disintegration of the normal structures owing to necrosis and being suffused with blood. Although the presence of gross luminal hemorrhage in the gastrointestinal tract was observed in all rats diagnosed with hemorrhagic diathesis, red blood cells were not evident microscopically in the tissue sections of some rats, possibly due to the fact that they may have been washed out during tissue preparation, and not all the areas of the gastrointestinal tract were examined. The presence of red blood cells in the gastrointestinal tract was generally observed in the lamina propria of the epithelium, and, in some instances, was accompanied by the presence of macrophages with intracellular phagocytosed debris.
Subacute toxicity study: effect of diets supplemented with 2% dammar resin (the hepatocarcinogenic dose) on the livers of male rats mRNA expression of genes involved in cell proliferation, cell cycle regulation, apoptosis, and CYPs in the liver There were no significant differences in the mRNA levels of PCNA (Fig. 4a) , p53, or p21
Cip/WAF1 (data not shown) in the livers of males fed 2% dammar resin and their controls. The expression of the anti-apoptotic genes Bcl2 and NOL3 was significantly increased in the livers of males fed 2% dammar resin compared to the controls (Fig. 4b ). There were no significant alterations in the expression of the anti-apoptotic genes Mcl-1 and Survivin, or the proapoptotic genes BAX and PUMA (data not shown).
Hepatic mRNA expression of CYP1A1, CYP2B1, CYP2B2, CYP2C6, CYP2E1, CYP3A1, and CYP3A2 was significantly increased by administration of 2% dammar resin in male rats compared to the controls, while the expression of CYP4A1 and CYP4A2 was significantly decreased (Fig. 4c) . Dammar resin had no effect on the mRNA levels of CYP1B1, CYP2A1, CYP2A2, CYP2C7, or CYP2C11 (data not shown). 0.02 ± 0.14 0 (0) 0 1 (2) 0.02 ± 0.14 2% 50 1 (2) 0.02 ± 0.14 1 (2) 0.04 ± 0.28 2 (4) 0.06 ± 0.31 Poly-k test ↑ 
Protein oxidation and oxidative DNA damage
Protein carbonyl content in the liver was significantly increased in males fed 2% dammar resin compared with the controls, indicating increased protein oxidation (Fig. 4d) . 8-OHdG tended to be increased in males fed 2% dammar resin compared with the controls, albeit without statistical significance (Fig. 4d) .
Discussion
In the carcinogenicity study, the incidences of both hepatocellular adenoma and carcinoma were significantly increased in the male 2% group compared with the control group. Furthermore, the multiplicities of hepatocellular adenoma and carcinoma in the male 2% group were significantly increased compared with the control group. These findings clearly demonstrate that dammar resin is hepatocarcinogenic in male F344 rats. Dammar resin was negative in a variety of genotoxicity assays including mutagenicity assays with prokaryotic organisms, the in vitro chromosomal aberration test in CHL/IU cells, and the in vivo mouse bone marrow micronucleus assay (Hayashi et al. 2000) . We have recently demonstrated that dammar resin was negative in in vivo mutagenicity assays in the livers of gpt delta mice (Xie et al. 2012) and gpt delta rats (manuscript in preparation). These results suggest that dammar resin is a non-genotoxic hepatocarcinogen in male rats. Several modes of actions have been proposed for non-genotoxic hepatocarcinogens in rodents including anti-apoptosis, oxidative stress, CYP Effects of 2% dammar resin in the livers of male rats in the 4-week subacute toxicity study. a Relative mRNA expression levels of PCNA (n = 6 for each group). b Relative mRNA expression levels of genes involved in apoptosis (n = 6 for each group). c Relative mRNA expression levels of CYPs belonging to families 1-4 (n = 6 for each group). d Protein oxidation (n = 6 for each group) and formation of 8-OHdG in liver DNA (n = 10 for each group). Significantly different from the control group at *p < 0.05; **p < 0.01; ***p < 0.01 enzyme induction, and nuclear receptor activation (Cohen 2010; Hall et al. 2012; Luch 2005) . As cancer cells harbor stepwise accumulation of genetic alterations, it has been proposed that short-term studies determining the early genetic alterations may provide useful information with respect to the mechanism by which chemicals induce tumors in rats (Cohen 2010; Kanki et al. 2016; Uehara et al. 2011; Yamada et al. 2013 ). We examined oxidative stress and the expression of CYP genes and genes involved in cell proliferation and apoptosis in the livers of male rats fed a diet supplemented with the carcinogenic dose (2%) of dammar resin in a 4-week subacute toxicity study. We found that, while dammar resin did not effect the expression of PCNA, p53, or p21 Cip/WAF1 , it significantly increased the level of expression of the antiapoptotic genes Bcl-2 and NOL3. 2% dammar resin also significantly increased the expression of 7 CYP isoforms (discussed below). Furthermore, protein oxidation was significantly increased and 8-OHdG in liver DNA, which is a well-known marker for oxidative DNA damage, was also increased, but without statistical significance. In our previous 14-week study in gpt delta mice, 2% dammar resin significantly increased 8-OHdG in liver DNA (Xie et al. 2012) , and 13-week dietary administration of 2% dammar resin significantly increased 8-OHdG in liver DNA of male gpt delta rats (manuscript in preparation). The lack of statistical significance in 8-OHdG in the present 4-week study might be due to the short-treatment duration. The above findings suggest that dammar resin induced hepatocarcinogenesis via suppression of apoptosis and induction of oxidative stress in rats.
CYP enzymes are responsible for the oxidative metabolism of many compounds into intermediates that can be further degraded or excreted; they are the primary enzymes responsible for the degradation and elimination of xenobiotics. However, oxidative metabolism catalyzed by CYP enzymes may result in continuous production of reactive oxygen species (ROS), and, therefore, has been suggested to be one of the major sources of ROS that induce oxidative stress (Zangar et al. 2004) . ROS also serve as signaling molecules involved in redox biology, and these pathways participate in numerous cellular process, some of which can contribute to carcinogenesis (Nebert and Dalton 2006; Rodriguez-Antona and Ingelman-Sundberg 2006; Schieber and Chandel 2014) . Dammar resin significantly increased expression of seven CYP isoforms (CYP1A1, CYP2B1, CYP2B2, CYP2C6, CYP2E1, CYP3A1, and CYP3A2) in the livers of male rats in the 4-week subacute toxicity study, indicating that it is a CYP enzyme inducer and multiple CYPs might be involved in its metabolism. It is, therefore, reasonable to postulate that dammar resin activation of these CYP enzymes can lead to the generation of ROS that, consequently, leads to protein oxidation and oxidative DNA damage.
A well-known pathway of CYP-mediated metabolism of their substrates is induction of expression by nuclear receptors. CYP1A1, CYP2Bs, and CYP3As are transcriptionally regulated by the nuclear transcription factors aryl hydrocarbon receptor, pregnane X receptor, and constitutive androstane receptor, respectively (Gibson et al. 2002; Luch 2005; Nebert and Dalton 2006; Tompkins and Wallace 2007) . The finding that dammar resin increased mRNA levels of CYP1A1, CYP2Bs, and CYP3As suggest that dammar resin may contain ligands for multiple nuclear receptors in rats. On the other hand, dammar resin is not likely to be a PPARα activator as there were no alterations in the expression of CYP4s.
For non-genotoxic carcinogens, a threshold dose below which no carcinogenic effect is produced is presumed to exist. In the present carcinogenicity study, a no-observedadverse-effect level (NOAEL) was 0.5% (178.3 mg/kg b.w./ day) for hepatocarcinogenicity in male rats as evidenced by the finding that a hepatocarcinogenic effect of dammar resin was observed at 2% but not 0.5%. This also indicates that a dose-response of hepatocarcinogenicity may exist between 0.5 and 2% in male rats. Furthermore, lack of hepatocarcinogenicity of dammar resin in female rats indicates that it is a male-specific rat hepatocarcinogen. Although the concentrations of dammar resin used as food additive are orders of magnitude lower than the hepatocarcinogenic dose in the present study, we have established that dammar resin is a hepatocarcinogen in rats and that its mechanism of action is likely to be relevant in humans. Further studies, such as whether dammar resin induces CYP enzyme expression and causes oxidative damage in human liver cells, are needed to clarify the role of metabolism and the precise mechanism of action of dammar resin in rat hepatocarcinogenesis. Clearly, the use of dammar resin as a food additive for humans should be carefully monitored.
In the chronic toxicity study, dammar resin at doses of 0.5 and 2% induced anemia, as evidenced by decreased hemoglobin level. In addition to anemia, increased platelet numbers in the 0.5% and 2% male and female groups may also be indicative of a coagulation disorder, though, unlike the carcinogenicity study, no hemorrhagic diathesis was observed in the chronic toxicity study. The NOAEL for the chronic toxicity was 0.125% for both sexes (200.4 mg/ kg b.w./day for males; 241.9 mg/kg b.w./day for females) as evidenced by decreased hemoglobin level and increased relative liver weight in the male and female 0.5% groups, and increased gamma-GTP activity and T-Cho concentration in the female 0.5% group.
In the carcinogenicity study, hemorrhagic diathesis was concluded to be the major cause for the decreased survival rate in the male 2% group. Although PT and APTT in the male 2% group could not be examined in the present study, prolonged PT and APTT in the male 0.5% group indicated that hemorrhagic diathesis was caused by defects in the both extrinsic and intrinsic coagulation pathways. Vitamin K deficiency is a well-known cause of abnormalities in these pathway as vitamin K is required for the synthesis of the vitamin K-dependent procoagulants (factors II, VII, IX, and X) and anticoagulants (protein C and protein S) (Mammen 2002; Stafford 2005) . In another long-term toxicity study investigating the mechanism of dammar resin-induced hemorrhagic diathesis in male F344 rats, 52-week dietary administration of dammar resin caused a significant decrease in serum vitamin K-dependent protein S, which is indicative of vitamin K status (data not shown). This result strongly suggests that a high dose of dammar resin can result in vitamin K deficiency and thereby elicit hemorrhagic diathesis. It is currently unclear as to the exact reason for the likely vitamin K deficiency observed in this study; possibilities include interference with the absorption of vitamin K from the intestine and interference with the reduction of vitamin K epoxide (Bloom and Brandt 2007) .
In conclusion, the findings of the present study demonstrate that dammar resin is a hepatocarcinogen in male F344 rats and underlines the roles of inhibition of apoptosis, CYP enzyme induction, and oxidative stress in the hepatocarcinogenicity of dammar resin. Moreover, long-term dietary supplementation of dammar resin induced anemia and hemorrhagic diathesis, likely via inhibition of both extrinsic and intrinsic coagulation pathways in male and female rats.
